the sequences had limited sequence identity with CP genes of two of the three potyviruses reported to cause PWD: East Asian Passiflora virus and Passion fruit woodiness virus (PWV). Deduced amino acid sequences for the CP of isolates from Uganda had highest identity with Bean common mosaic necrosis virus (BCMNV) (72 to 79%, with evolutionary divergence values between 0.17 and 0.19) and CABMV (73 to 76%, with divergence values between 0.21 and 0.25). Based on these results and in accordance with International Committee for Taxonomy of Viruses criteria for species demarcation in the family Potyviridae, we conclude that a previously unreported virus causes viral diseases on passion fruit in Uganda. The name "Ugandan Passiflora virus" is proposed for this virus.
Commercial production of passion fruit in Uganda began around 1960, following its introduction from Kenya (25) . Shortly afterward, the newly established large plantations were devastated several times by pests and infectious diseases. As a result, several large farming enterprises were either abandoned or downsized in favor of small and isolated plantings that could be better protected, resulting in the subsistence level of production (26) that is still prevalent in Uganda today (36) . In the late 1980s, the Government of Uganda initiated an export diversification program that targeted horticultural crops, including passion fruit, as a means of boosting national revenue (16) . Dominance of the passion fruit production chain by small-scale farmers (36) enhanced the potential of this crop to affect the socio-economics of rural development (27) . Clones of a new variety, the Kawanda Hybrid, which had just been released by the National Agricultural Research Organisation of Uganda (NARO), were introduced. This cultivar had high levels of disease resistance as well as superior agronomic traits compared to other cultivars in the East African region, and thus gave Uganda a competitive advantage for the European market (8) . Thus, several commercial ventures were established and export trade began (39) .
Shortly after commercial production started, pilot field studies revealed extensive symptoms indicative of several fungal and virus-like diseases characterized by foliar mosaics, vein clearing, fruit hardening, and malformation (15, 19) . Up to 90% of passion fruit fields in areas of central Uganda had plants with symptoms characteristic of virus infection (2) , and almost 50% marketable yield loss was recorded (28) . The losses attributed to viral diseases have continued to increase and remain a challenge to passion fruit production (36) . The situation is further compounded by limited knowledge on the identity of the causal viral agent(s), extent of infection, and associated damage levels in the various regions of Uganda. This paucity of information has rendered it impossible to develop an effective disease management strategy. A number of control measures, such as use of disease-free planting material, were attempted but without much success (3) .
The characteristic hardening and malformation of fruits found on virus-infected plants have been related to the passion fruit woodiness disease (PWD) attributed elsewhere to several viruses belonging to the genus Potyvirus, including Passion fruit woodiness virus (PWV) (34) and relatives of Cowpea aphid-borne mosaic virus (CABMV) (9, 24) . More recently, the East Asian Passiflora virus (EAPV) has been confirmed to cause a similar disease in Japan (22) . In this study, we present results of intensive surveys in Uganda for viruses known to infect passion fruit worldwide. Biological and molecular techniques were also used to characterize a potyvirus previously reported to cause leaf mottling and distortion and fruit woodiness in this horticultural crop in Uganda (29) . The findings of this research are considered important for a better understanding of the viral disease situation on passion fruit in Uganda and for the development of effective disease management strategies.
Materials and Methods
Surveys and sample collection. In 2003 In , 2005 , and 2007, surveys were conducted in 15 main passion fruit growing districts covering the four major agro-ecological regions of Uganda (38) . A total of 77 farms, and three wild collections, were randomly selected and scored for the presence of virus symptoms. Because most of the farmers' fields were relatively small, the incidence of virus-like symptoms in each field was visually assessed on every plant and recorded as a percentage of total plants. For symptom severity, the scale 1 to 5 developed for assessing cassava mosaic disease severity (35) was adopted, where 1 indicated absence of visible viral symptoms and 5 was used for more than 75% symptom coverage on infected leaves. Where virus-like symptoms were found, leaves, scions, and medium-wood cuttings were collected for analysis. A total of 164 such samples were collected from farmers' fields and wild plants. Additional samples were obtained from experimental plots at the National Agricultural Research Laboratories, Uganda. Three virus isolates maintained at the German Collection of Microorganisms and Cell Cultures (DSMZ) were used as reference materials. These included: isolate PV-0707, obtained from a passion fruit from Wakiso district in Uganda (GenBank, under accession number FR694183); isolate PV-0292, a strain of EAPV obtained from an unknown passion fruit source in Taiwan (GenBank, under accession number FR694184); and PV-0598, a virus that was isolated from Passiflora "incence" in Germany (GenBank, under accession number FR694185) and is related to the Passiflora chlorosis virus (PaChV) reported in Florida (5 Plants were grown in a sterilized Floradur-sand mixture (1:1, wt/vol) (Floragard Vertriebs GmbH, Oldenburg, Germany) and kept in an insect-free greenhouse at 20 to 25°C under a 12 to 16 h photoperiod and evaluated for local and systemic infections for up to 30 days postinoculation. Serological analysis using MAb P-3-3H8 and electron microscopic observations were performed on all inoculated plants and controls.
Electron microscopy. Fresh leaf extracts were prepared by macerating approximately 0.5-cm leaf discs in 0.1 M sodium phosphate buffer (Na 2 HPO 4 /NaH 2 PO 4 ), pH 7, containing 2% PVP (wt/vol) and 0.2% Na 2 SO 3 (wt/vol). Droplets of extracts were placed on Parafilm and carbon-stabilized copper grids incubated on them for 5 min. The grids were then washed with distilled water, negatively stained in 1% uranyl acetate (pH 4.3), and examined using a Zeiss EM 906 transmission electron microscope (Digivision, SIS, Muenster, Germany) at 80 KV.
Mean virus particle lengths were determined for isolates PV-0707 and UGM-58 from fresh leaf extracts in immunosorbent electron microscopy (ISEM) using the procedure described by de Silva et al. (13) and an antiserum against PFRSV. Both virus isolates exhibited a serological relationship with PFRSV in ELISA. Lengths of about 100 particles were measured at a magnification of ×50,000 in a Zeiss EM 906 transmission electron microscope with an online attached image analyzing system for histogram production and normal length calculation.
Sequence analysis. The passion fruit virus isolates, UGM-17 (P. edulis f. edulis, Mbale district, Eastern Uganda), UGM-19a, UGM-58, UGM-73 (P. edulis f. edulis × P. edulis f. flavicarpa, Masaka district, South-Central Uganda), UGM-64, UGM-67, UGM-69c (P. edulis f. edulis × P. edulis f. flavicarpa, Mbarara district, SouthCentral Uganda), and PV-0707 were subjected to molecular analysis. The isolates were obtained from their original hosts that had been maintained in an insect-free screen house at the National Table 1 . Capsid protein amino acid sequences obtained from GenBank and used for comparative analysis
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Passion Agricultural Research Laboratories, Uganda, or at the DSMZ Plant Virus Department, Germany. These eight virus isolates were positive in ELISA with antiserum for the genus Potyvirus and mostly exhibited a serological relationship to PFRSV. Total nucleic acids were extracted using the Tri Reagent method (Sigma-Aldrich), and reverse transcription-polymerase chain reaction (RT-PCR) was subsequently done using the SuperScript One-step RT kit (Invitrogen). Following a general approach to detect potyviruses, the 3′-terminal sequences of the viral genomes were amplified in two separate RT-PCR reactions. An oligo (dT) combined with a primer designed from the conserved WCIE/DNGTS motif in the coat protein (CP) core region (12) or a generic primer based on the conserved aa sequence GNNSGQP in the Nuclear inclusion B (NIb) coding region of members of the family Potyviridae (10) were used to generate PCR fragments from the potyvirus template cDNA. Following purification from agarose gels, PCR products were either directly sequenced or ligated into pDrive U/A (Qiagen) or pGEM-T Easy (Promega, USA) cloning vectors following the manufacturers' protocols and subsequently electroporated into Escherichia coli DH5α cells. Recombinant cDNA clones were then selected and sequenced using T7/SP6 flanking vector primers or primers derived from internal sequences. Bi-directional sequencing was done at SequiServe GmbH (Vaterstetten, Germany) or the Ohio State University, Plant-Microbe Genomics Facility (Columbus, OH). Phylogenetic analysis. Nucleotide sequences of the CP coding region were compared to related sequences available from GenBank (Table 1 ) that were selected using a basic local alignment search tool (BLAST) search for related sequences using the sequences of the 3′ regions generated in this study. About 30 sequences, comprising available passion fruit infecting potyviruses, were included in the analyses. Multiple sequence alignments were obtained using Clustal W (37) 
Results
Virus survey. Field collections were conducted in four major agro-ecological zones of Uganda, where passion fruit is grown under rainfed conditions with varying environmental conditions and agronomic practices. In all areas surveyed, virus-like symptoms were prevalent in the crop. The overall average incidence of plants with conspicuous virus-like symptoms was 32% and varied among fields and regions; the highest being up to 100% in the central region and parts on the western region and lowest 0 to 5% in the eastern region, where symptomatic plants were rarely found ( Table 2 ). The most common symptoms included leaf mosaic, mottling and diffuse chlorosis, crinkle, vein clearing and distortion, and fruit woodiness and malformation in all possible expressions and combinations (Fig. 1) . In ACP-ELISA using AS-0573/1, 62 out of 164 symptomatic samples were positive for presence of potyviruses. Further testing with specific antibodies showed that these viruses were serologically related to CABMV and PFRSV, with 22% (36/164) reacting with each antiserum alone and 6% (10/164) reacting with both antisera. None of the 164 samples tested positive for CMV, PFYMV, PLLMV, PLV, OkMV, MarMV, SLPMoV, and ToRSV (Table 2) .
Host range. The passion fruit virus isolates PV-0707, UGM19a, and UGM-58 from Uganda only infected 10 out of the 16 plant species tested from the Solanaceae and Chenopodiaceae (Table 3). The Leguminosae, P. vulgaris, and V. unguiculata did not become infected upon inoculation. The three isolates showed variability in host range; UGM-19a had the widest host range, infecting 8 species, while PV-0707 and UGM-58 infected 7 and 5 test plant species, respectively ( Table 3 ). The EAPV reference isolate from Taiwan, PV-0292, in addition to a number of plant species also systemically infected Vigna unguiculata.
Local lesions were observed on Chenopodium species, while both local and systemic symptoms were found in infected plants of the family Solanaceae (Table 3) . Local infections were initially manifested as chlorotic spots, later becoming necrotic. Symptoms of systemic infections included: mottling, leaf chlorosis, leaf necrosis, and vein banding. Chlorotic ring spot symptoms were induced by isolate PV-0292 on N. benthamiana and by PV-0707 on N. occidentalis P1. Symptomatic and symptomless infections were confirmed by ELISA and electron microscopy.
Particle morphology. Flexuous rod-shaped particles indicating potyvirus infection were identified in leaf adsorption preparations subjected to electron microscopic examinations. No other viruslike particles were found. This suggested that a single virus type might be the cause of the passion fruit infections in the samples collected in Uganda. In ISEM, virus-like particles were strongly decorated with a polyclonal antiserum against PFRSV (Fig. 2) . For PV-0707 and UGM-58, a modal length of 780 nm was measured for the flexuous particles, which falls within the range 650 to 900 nm, typical for members of the genus Potyvirus (11) . Coat protein analysis. Nucleotide sequences were generated from the 3′-terminal regions (1,718 to 1,720 nucleotides) of eight isolates (deposited in GenBank, under accession numbers FJ896000-FJ896003 and FR694180-FR694183). The sequences contained a single open reading frame of 566 aa, encoding part of the NIb and the entire CP followed by a noncoding region of 238 to 239 nucleotides and a poly(A) tail. The CP cistron was predicted from aligning the polyprotein with that of other potyviruses. The proteolytic cleavage site Q/S in the context SVLSQ↓S resulted in a CP of approximately 275 aa with a M r of 31.2kD.
BLAST analysis revealed sequence similarities with genomes of other potyviruses, including those known to infect Passiflora species. A phylogenetic analysis of CP sequences from the Ugandan isolates with CP sequences of potyviruses from passion fruit and other crops, available at GenBank, confirmed these similarities, but also provided further evidence for distinct sequence clades (Fig. 3) (Fig. 3) . The passion fruit potyviruses from Uganda exhibited 72 to 79% amino acid identity with isolates of the Bean common mosaic necrosis virus (BCMNV) (with evolutionary divergence values between 0.17 and 0.19) and 73 to 76% identity with CABMV (with divergence values between 0.21 and 0.25) ( Table 4) . Lower CP aa sequence similarities were observed between the Ugandan passion fruit virus isolates and potyviruses found in passion fruit from other geographical areas, ranging from 44 to 46% (divergences between 0.17 and 0.19) with isolates of PaChV; and 71 to 72% (divergences between 0.26 and 0.28) with PWV isolates.
The molecular diversity of Ugandan passion fruit virus isolates was very limited, and nucleotide variations were dispersed over the entire genome fragment analyzed. Only isolate UGM-17 showed a considerable difference in sequence, resulting in a CP with only 88% identical amino acid sequence (with a divergence of 0.1) to other Ugandan isolates, which were otherwise 99 to 100% identical (with divergences from 0 to 0.01). Most of the difference between UGM-17 and the other isolates was in a sequence of 18 aa (aa positions 20 to 38) just downstream of the DAG motif that was entirely unrelated to the aa conserved in the CP of all other isolates. This variation suggests the presence of two sequence groups within the Ugandan passion fruit virus, one comprising isolate UGM-17 and a possible second cluster represented by the sequences of isolates PV-0707, UGM-19a, UGM-58, UGM-64, UGM-67, UGM-69c, and UGM-73.
Discussion
In order to establish the incidence and distribution of viruses on wild and cultivated passion fruit species in Uganda, virus surveys were conducted in 15 major growing districts. Symptoms characteristic of PWD on fruits and conspicuous chlorotic mottle and distortion symptoms on leaves, which are indicative of virus infections, were found on passion fruit in all production areas in Uganda. Samples were positive for potyviruses using the genusspecific monoclonal antibody, and further investigation with virusspecific antisera indicated the possible presence of CABMV or PFRSV. No other viral species were detected in the 164 samples tested. In electron microscopic examinations, only flexuous filamentous particles typical of potyviruses were found, suggesting that only potyviruses were associated with symptomatic passion fruits in Uganda. However, no viruses were detected in about 50% of samples with conspicuous foliar viral symptoms. Serological assays, electron microscopy, double-stranded RNA profiling, and transmission to indicator plants did not demonstrate the presence of virus or confirm infectivity in these samples. While the presence of viruses in very low concentrations cannot be entirely excluded, it is likely that biotic factors such as plant responses to insect injury or abiotic factors such as incompatibility reactions of scions with rootstock in the early processes of graft joining caused the observed symptoms.
The potyvirus isolated from passion fruit in Uganda exhibited virions that were filamentous with a normal particle length of 780 nm, well within the 680 to 900 nm range reported for potyviruses (6) . Molecular analysis of the coat protein cistron, however, delineated the virus infecting passion fruit in Uganda as a potyvirus species distinct from other viruses associated with PWD or passion fruit chlorosis disease (including CABMV and PaChV). The criteria set by the International Committee for Taxonomy of Viruses (20) and related taxonomic studies (1) suggest the benchmark for species demarcation in the family Potyviridae to be 80% identity for aa sequences over the complete CP gene (6) . Using this criterion, the eight virus isolates from passion fruit in Uganda are all the same species. However, the Ugandan virus had less than 80% aa sequence identity with isolates of CABMV, and was even more distantly related to EAPV and PWV, species that cause similar disease symptoms on passion fruit elsewhere.
A host range study with isolates UGM-19a and UGM-58 further revealed distinct biological features of the Ugandan viruses. CABMV induced strain-characteristic symptoms on cowpea (7), a host which was not susceptible to infection with the passion fruit isolates (30) . Whereas PFRSV caused latent infection in Chenopodium quinoa (14) , the passion fruit virus isolates from Uganda caused chlorotic spots only. Isolate UGM-58 also produced mottling in Nicotiana benthamiana, which is not susceptible to EAPV (21) . Thus, molecular, serological, and host range studies indicate the viral disease symptoms on passion fruit in Uganda are caused by a single virus with a limited molecular diversity among isolates. Only the heterogeneity observed in the N-terminus region of the Table 4 . Pairwise sequence comparison matrix for amino acid sequences of the complete coat protein gene of eight isolates of the "Ugandan Passiflora virus" and related potyvirus species a   Virus isolate  1  2  3  4  5  6  7  8  9  10  11 12  13  14  15  16  17  18  19  20 21 isolate UGM-17 CP indicated variability within the "species". While the virus isolates PV-0707, UGM-19a, UGM-58, UGM-64, UGM-67, UGM-69c, and UGM-73 were almost identical; isolate UGM-17 was different. This kind of variation has been reported within the terminal regions of the CP gene of many other potyvirus species (6) . These variations have been associated with erroneous replication mechanisms (23) and recombination (17) among plant RNA viruses, and present the foundation for population diversification that forms a "quasi-species" (33) . However, with only a limited sample size available for the isolate UGM-17, further studies are necessary to substantiate the diversity among the Ugandan passion fruit viruses' sequences and biological traits.
The passion fruit virus in Uganda was isolated from passion fruit showing symptoms on leaves and striking woodiness symptoms on fruits and was genetically and biologically distinct from other potyviruses infecting passion fruit. The closest relationship was with BCMNV, a virus isolated from the leguminous plant Phaseolus vulgaris. We therefore suggest that the Ugandan passion fruit virus is a distinct virus species associated with passion fruit woodiness disease, for which we propose the name "Ugandan Passiflora virus".
